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PREVENTING REVERSE INPUT CURRENT 
IN A DRIVER SYSTEM 

TECHNICAL FIELD OF THE INVENTION 

This invention relates to power management, and more 
particularly, to preventing reverse input current in a driver 
system. 

BACKGROUND 

Light emitting diodes (LEDs) can be incorporated into 
pagers, cellular telephones, personal digital assistants, laptop 
or notebook computers and other electronic equipment 
(mostly portable) for display and other visual purposes. If 
multiple LEDs are used in the visual display of an electronic 
device, it is important that the brightness of all LEDs is 
consistent. Otherwise, the visual display Will not be as aes 
thetically pleasing to a user. Furthermore, because most por 
table electronic devices operate on battery poWer, it is desir 
able to optimiZe or maximize ef?ciency When driving any 
LEDs contained therein in order to extend battery life 
betWeen recharging or replacement. In many cases, as a bat 
tery is depleted, any LEDs poWered by such battery Will begin 
to fade or become less bright. This can be annoying or dis 
tracting for users. Thus, it is desirable to maintain the bright 
ness of LEDs in portable devices even as the battery for the 
device is depleted. 

SUMMARY 

According to an embodiment of the present invention, a 
method is provided for preventing reverse input current from 
?oWing into a poWer source. The method includes: providing 
a system having a plurality of operating modes for driving a 
load, Wherein in each operating mode the poWer delivered to 
the load is a multiple of the poWer output from the poWer 
source; transitioning the system from one operating mode 
into another operating mode under predetermined conditions; 
if the poWer delivered to the load is greater than the poWer 
delivered to the poWer source, delaying the transition of the 
system from the one operating mode into the other operating 
mode. 

According to another embodiment of the present invention, 
in a system having a plurality of operating modes for driving 
a load, Wherein in each operating mode the poWer delivered to 
the load is a multiple of the poWer output from the poWer 
source, a method is provided for preventing reverse input 
current from ?oWing into the poWer source. The method 
includes: comparing the poWer delivered to the load With the 
poWer output from the poWer source When transitioning the 
system from one operating mode into another operating 
mode; and if the poWer delivered to the load is greater than the 
poWer delivered from the poWer source, delaying the transi 
tion of the system from the one operating mode into the other 
operating mode. 

Important technical advantages of the present invention are 
readily apparent to one skilled in the art from the folloWing 
?gures, descriptions, and claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the present inven 
tion and for further features and advantages, reference is noW 
made to the folloWing description taken in conjunction With 
the accompanying draWings, in Which: 
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2 
FIG. 1 is a schematic diagram in partial block form of a 

system for driving a load, such as, one or more light emitting 
diodes (LEDs). 

FIG. 2 is a chart illustrating the e?iciency of the system of 
FIG. 1 versus the value of the voltage supply. 

FIGS. 3A through 3C are schematic diagrams of various 
implementations for a modulation error attenuation compo 
nent. 

FIGS. 4A through 4C are schematic diagrams of various 
implementations for a poWer stage component. 

FIG. 5 is a schematic diagram for an adaptive mode change 
component. 

FIGS. 6A and 6B are state diagrams for various implemen 
tations of a state machine used to implement logic for con 
trolling operating modes. 

FIGS. 7A and 7B are timing diagrams for mode changes of 
various implementations. 

FIG. 8 is a schematic diagram for aVds reference generator 
component. 

FIG. 9 is a diagram for a pin-out of an integrated circuit 
device for driving one or more LEDs. 

FIG. 10 is a truth table for LED control signals. 
FIGS. 11A through 11C are charts illustrating adaptive 

mode change. 

DETAILED DESCRIPTION 

The embodiments of the present invention and their advan 
tages are best understood by referring to FIGS. 1 through 11C 
of the draWings. Like numerals are used for like and corre 
sponding parts of the various drawings. 

FIG. 1 is a schematic diagram in partial block form of a 
system 10 for driving a load, such as, one or more light 
emitting diodes (LEDs) 12. System 10 may be incorporated 
or used in any electronic device or componentiespecially 
portable devices, such as pagers, cellulartelephones, personal 
digital assistants, hand-held personal computers (PCs), lap 
top or notebook computers, Wireless appliances, electronic 
books, LED backlights, LED keypad backlights, and the 
likeihaving LEDs. System 10 may be connected to or incor 
porate a poWer source or battery Which provides a battery 
voltage Vbat (e.g., in the range of2.5 to 5.5 V) that is used for 
driving the LEDs 12. The battery can be a single or multiple 
cells of Li-Ion, NiMH, or other suitable type of battery. 

System 10 may be designed for or used With any suitable 
number ofLEDs 12 (e.g., l, 2, 4, etc.). LEDs 12 are connected 
in system 10 betWeen a ?rst terminal (at Which an output 
voltage Vout appears) and a respective second terminal (hav 
ing a voltage Vled). Each LED 12 may be a discrete device 
Which is separately manufactured and operable to be con 
nected to system 10. Each LED 12 has a forWard voltage Vf, 
Which is the voltage drop across the diode (from Vout to Vled 
in FIG. 1) When current Iled ?oWs through the LED 12. Due 
to process variations in the manufacture of LEDs 12 or other 
factors, the LEDs 12 may have differing operating character 
istics. For example, the forWard voltage Vf for a given value 
of LED current Iled may vary from one LED 12 to another. 
Thus, one LED 12 may appear to be brightly lit When a 
voltage of 4V is applied thereto, Whereas another LED 12 
may appear to be dimly lit When the same amount of voltage 
is applied. As described herein, in various embodiments, sys 
tem 10 provides and maintains uniform or consistent bright 
ness of the LEDs 12 in an ef?cient manner. In one embodi 

ment, LEDs 12 can be separately turned on and off by system 
10 as appropriate for the application or device in Which the 
LEDs are used. 
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As shown, in one embodiment, system 10 includes a opera 
tional ampli?er 14, a transistor 16, a resistor Rset 18, a poWer 
stage component 20, one or more LED driver loops 22, and an 
adaptive mode change component 24. In various embodi 
ments, system 10 can be implemented on a single integrated 
circuit (IC) chip, multiple IC chips, or in discrete components 
Which are connected to one or more LEDs 12. For example, in 

one embodiment, the resistor Rset 18 can be implemented as 
a discrete component With the remaining portions of system 
10 implemented in an IC chip With suitable input/ output (1/ 0) 
terminals for connecting to LEDs 12 and receiving or sending 
signals (e.g., for control, etc.). 
PoWer stage component 20 of system 10 generally func 

tions to provide output voltage Vout for poWering LEDs 12 
using the battery voltage Vbat. Because battery voltage Vbat 
is variable over a battery’ s lifetime, output voltage Vout is also 
variable since it is derived from the battery voltage Vbat. 
PoWer stage component 20 may operate in a number of dif 
ferent modes in order to maintain the output voltage Vout at a 
level suf?cient so that each LED 12 is consistently bright even 
as the battery poWer (V bat) is depleted. In one embodiment, 
poWer stage component 20 can have three operating modes: a 
1x operating mode, a l .5>< operating mode, and a 2x operating 
mode. In l>< operating mode, poWer stage component 20 
generates an output voltage Vout With essentially the same 
voltage value as battery voltageVbat. In 1.5x operating mode, 
poWer stage component 20 generates an output voltage Vout 
having a voltage value that is essentially one-and-a-half times 
that of the battery voltage Vbat. In 2>< operating mode, poWer 
stage component 20 generates an output voltage Vout With a 
voltage value Which is essentially tWice that of battery voltage 
Vbat. It should be understood that in other embodiments, 
poWer stage component 20 can have a feWer or greater num 
ber of operating modes, With other values. In order to obtain 
the high overall e?iciency, poWer stage component 20 is not 
regulated. 

PoWer stage component 20 may receive one or more con 
trol CTL signals for causing the poWer stage component 20 to 
change from one mode of operation into another. In some 
embodiments, poWer stage component 20 may transition 
betWeen the various operating modes Without signi?cant 
delay. In other embodiments, a delay may be introduced in the 
transitions betWeen operating modes for poWer stage compo 
nent 20. Such delay may reduce or prevent a reverse current 
from ?oWing back into the battery voltage Vbat from the 
output voltage Vout. The output terminal at Which an LED 12 
is coupled to poWer stage component 20 to receive the voltage 
out Vout can be an anode for the LED 12. 

Operational ampli?er 14, transistor 1 6, and resistor Rset 18 
function to provide a current Irset Which is mirrored in each 
LED driver loop 22 by the respective transistor 26. Opera 
tional ampli?er 14 receives a bandgap reference voltage 
Vrefl at its non-inverting (+) input terminal and a voltage 
value equal to Irset><Rset at its inverting (—) input terminal. 
The output terminal of operational ampli?er 14 is connected 
to the gates of transistor 16 and each transistor 26 of an LED 
driver loop 22. In one embodiment, bandgap reference volt 
age Vref1 can be arbitrarily set to a suitable value (e.g., 1V). 
Current Irset is the amount of current ?oWing through tran 
sistor 16 and is set by the value of resistor Rset 18. In particu 
lar, in one embodiment, IsetIVrefI/Rset. Transistor 16 can be 
implemented as a p-channel MOSFET and may function as a 
sWitch for system 10. In one embodiment, resistor Rset 18 can 
be set or con?gured to provide the desired amount of current 
Irset for operation of system 10. Rset 18 develops the voltage 
value Which is received by operational ampli?er 14 at its (—) 
terminal. 
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A separate LED driver loop 22 may be associated With and 

connected to each LED 12 in system 10. The terminal at 
Which the respective LED 12 is connected to driver loop 22 
canbe an anode for the LED. An LED driver loop 22 generally 
operates in conjunction With poWer stage component 20 to 
drive and sink current for the respective LED 12. If multiple 
LEDs 12 are supported, then the current provided to the 
various LEDs 12 can be matched to provide consistent LED 
brightness. As depicted, each LED driver loop 22 includes 
transistor 26, 28, and 30 and a modulation error attenuation 
component 32. 

Transistor 26 can be implemented With a p-channel MOS 
FET in one embodiment. Transistor 26 may be part of a 
current mirror Which also comprises transistor 16. As such, 
the current Irset ?oWing through transistor 16 is mirrored by 
the bias current Ibias ?oWing through transistor 26. In one 
embodiment, there may be a gain M betWeen Irset and Ibias 
such that Ibias:Irset><M, Where M can have a value of, for 
example, 3. Transistors 28 and 30 of each LED driver loop 22 
can be implemented With n-channel MOSFETs in one 
embodiment, and may function to sink current. In one 
embodiment, transistor 28 and 30 are operated in the satura 
tion region, and are prevented from entering into the linear 
region. Transistors 28 and 30 form a current mirror such that, 
in some embodiments, the bias current Ibias ?oWing through 
transistor 28 is mirrored by the LED current Iled ?oWing 
through transistor 30 and also across LED 12. In one embodi 
ment, there may be a gain NbetWeen the bias current Ibias and 
the LED current Iled such that Iled:N><Ibias, Where N can 
have a value of, for example, 160. As such, the value of the 
LED current Iled can be Iled:N><M><Vref1/Rset. With N, M, 
and Vrefl ?xed, LED current Iled can be determined or set by 
choosing a value for resistor Rset 18. From one perspective, 
the accuracy of system 10 may be considered to be hoW Well 
the LED current Iled can be maintained at a desired value 

(e.g., Iled:N><M><Vref1/Rset). 
Modulation error attenuation component 32 is connected 

to the transistor 26 and the LED 12 associated With LED 
driver loop 22. Modulation error attenuation component 32 
generally functions to attenuate or eliminate Vds modulation 
error. Vds modulation error causes signi?cant variations in 
LED current Iled Which, as set forth above, desirably should 
be maintained at a particular value (e.g., Iled:N><M><Vref1/ 
Rset) . Vds modulation error arises due to the large variation in 
the drain-source voltage Vds of transistor 30, Where 
Vds:Vout—Vf:Vled. This large variation in t drain-source 
voltage Vds is attributable to variations in Vout (e.g., due to a 
drop in battery poWer) and in diode forWard voltage Vf (e. g., 
due to process variations in the manufacturing of LEDs 12). 
As a result, depending on the value of battery voltage Vbat 
and the respective diode forWard voltages Vf of individual 
LEDs 12, the Vled voltage may vary in the range of 0.1V to 
3V. As such, the LED current Iled Would otherWise vary With 
battery voltage Vbat and diode forWard voltage Vf, rather than 
be maintained at the desired value (e.g., Iled:N><M><Vref1/ 
Rset). 

Modulation error attenuation component 32 reduces or 
eliminates Vds modulation error by accurately maintaining 
the same voltage levels at the three terminals (gate, source, 
and drain) of both transistors. In some embodiments, modu 
lation error attenuation component 32 maintains the drain 
voltages of transistors 28 and 30 at the same level and main 
tains the gate voltages of transistors 28 and 30 at the same 
level. As such, transistors 28 and 30 have the same drain 
source voltage Vds and the same gate-source voltage Vgs. 
Since the terminal voltages of transistors 28 and 30 are the 
same With a ?xed current Ibias as a reference, the value of Iled 
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is exactly equal to N times Ibias regardless of Vled variations 
(attributable to variations in battery voltage Vbat or output 
voltage Vout), process variations (e.g., differences in diode 
forward voltages Vf), and temperature variations. Modula 
tion error attenuation component 32 may have a relatively 
high current sink output impedance: Rout:A><Rds. Further 
details and various implementations for modulation error 
attenuation component 32 are provided herein. 

Adaptive mode change component 24 is connected to the 
battery and to each LED 12. Adaptive mode change compo 
nent 24 generally functions to output one or more control 

signals CTL for causing poWer stage component 20 to change 
from one mode of operation to another. Adaptive mode 
change component 24 receives the Vled values for each LED 
12 and respective LED driver loop 22. 

Variations in forWard voltage Vf, process, temperature, 
LED current Iled, etc. all effect the voltage Vled in system 10. 
In some embodiments, adaptive mode change component 24 
adaptively determines or controls the changes in operating 
mode of poWer stage component 20 based on the saturation 
voltage Vdsat requirements of transistor 30. In particular, 
adaptive mode change component 24 observes or monitors 
the voltage Vled, corrects it for temperature and process 
variations, and initiates changes in operating mode When the 
voltage Vled has the same value as Vdsat of transistor 30. This 
provides maximum overall e?iciency. Further details and an 
implementation for adaptive mode change component 24 are 
provided herein. 

Current matching betWeen transistors 28 and 30 in LED 
driver loop 22 is optimiZed When these transistors are oper 
ated in the saturation region: 

Where Vdsat is the saturation voltage of transistor. If 
Vdsat>Vds:Vled, then the transistors 28 and 30 are operating 
in the linear region and their current matching signi?cantly 
degrades, and the Iled current may not be Well regulated. In 
one embodiment, system 10 operates transistors 28 and 30 in 
saturation region and prevents them from going into linear 
region operation. 

In operation, system 10 provides output voltage Vout (de 
rived from the battery voltage Vbat) for driving one or more 
LEDs 12. When the battery is neW or freshly recharged, and 
for some amount of time thereafter, the value of battery volt 
age Vbat Will be relatively highiie, the battery voltage Vbat 
Will be higher than the sum of diode forWard voltage Vf and 
Vled. PoWer stage component 20 operates in 1x operating 
mode, Where the battery voltage Vbat is provided as output 
voltage Vout (i.e., output voltage Vout has essentially the 
same voltage value as battery voltage Vbat). For each LED 
12, the respective LED driver loop 22 sinks the desired cur 
rent set by the Rset resistor 18. 
As the battery is depleted of poWer, the value of battery 

voltageVbat begins to decline or drop. Adaptive mode change 
component 24 detects the decline in battery voltage Vbat and 
also the values of Vled for the different LEDs 12. At some 
point, When the value of voltage Vbat has dropped beloW a 
particular threshold (Vbat§Vf+Vdsat of transistor 304e.g., 
3.8V), then adaptive mode change component 24 outputs a 
control CTL signal Which causes poWer stage component 20 
to sWitch into 1.5x operating mode, Where the output voltage 
Vout provided by poWer stage component 20 has a voltage 
value that is essentially one-and-a-half times that of the bat 
tery voltage Vbat. Again, the LED driver loops 22 for the 
various LEDs 12 function to sink the desired current set by the 
Rset resistor 18. 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
As the battery continues to be depleted of poWer, at some 

other point the value of voltage Vbat may drop beloW another 
threshold (1 .5><Vbat§Vf+Vdsat of transistor 30ie.g., 
2.8V). Adaptive mode change component 24 outputs a con 
trol CTL signal Which causes poWer stage component 20 to 
sWitch into 2>< operating mode, Where the output voltage Vout 
provided by poWer stage component 20 has a voltage value 
Which is essentially tWice that of the battery voltage Vbat. 

Although the adaptive mode change component 24 is pri 
marily described herein as being used With and adaptive for 
variations associated With an LED, it should be understood 
that the adaptive mode technique according to embodiments 
of the invention is not so limited. Rather, the adaptive mode 
technique is broadly applicable for use With any element, 
component, or device, such as a battery charger or over 
current protection devices, in Which variations in process, 
operation, etc. may affect performance or e?iciency, either of 
the device itself or the system Within Which it is incorporated. 

FIG. 2 is a chart 40 illustrating the e?iciency of system 10 
of FIG. 1 versus the value of the voltage supply. As shoWn, the 
ef?ciency of system 10 can vary from, for example, 55-95%, 
depending on the values of the LED current Iled and the 
supply or battery voltage Vbat. 
The right side of the chart 40 (With, for example, 4.5 V 

value for the supply voltage) corresponds to a freshly charged 
or neW battery. Here the system is operated in the 1x operating 
mode in Which the output voltage Vout supplied to LEDs 12 
has the same value as the battery voltage Vbat. The ef?ciency 
of system 10 for this state of the battery is not the maximum 
for the system because the full voltage value of the battery is 
not required for driving the LEDs 124only a portion of that 
value is suf?cient. As such, there is some Wasted poWer. As 
the battery depletes (moving from the right side to the left side 
of the chart 40), ef?ciency of the system 10 increases. This is 
because as the value of the battery voltage decreases With the 
depletion of the battery, more of the full voltage value of the 
battery is used for driving the LEDs 12. 

At some point, When the value of the battery voltage Vbat 
is betWeen, for example, 3.5 and 3.1 V, system 10 is sWitched 
or changed to operate in the l .5 x operating mode in Which the 
output voltage Vout supplied to LEDs 12 has a value of 
one-and-a-half times that of the battery voltage Vbat. Here, 
the charge pump of poWer stage component 20 is used to 
generate the higher voltage value from the battery voltage 
Vbat. The charge pump is inherently less ef?cient, and thus, 
the ef?ciency of system 10 decreases. Furthermore, the volt 
age generated by the charge pump may be greater than that 
needed to adequately drive the LEDs 12, thereby further 
decreasing e?iciency. As the battery depletes (moving further 
to the left side of the chart 40), ef?ciency of the system 10 
increases again. This is because as the value of the battery 
voltage decreases, more of the full value of the voltage gen 
erated by the charge pump is used for driving the LEDs 12. 
At some point, When the value of the battery voltage Vbat 

is, for example, less than 2.7 V, system 10 is sWitched or 
changed to operate in the 2x operating mode in Which the 
output voltage Vout supplied to LEDs 12 has a value of tWice 
that of the battery voltage Vbat. Again, ef?ciency of the 
system 10 drops at ?rst, but increases as the battery continues 
to deplete. The far left side of the chart 40 corresponds to a 
battery that is relatively completely depleted. 
Movement from the left side to the right side of the chart 40 

corresponds to the charging of a battery. As the battery is 
charged, system 10 is sWitched from higher operating mode 
into loWer operating mode (e.g., from 2>< operating mode to 
1.5x operating mode, or from 1.5x operating mode to 1x 
operating mode). 
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In some embodiments, the points at which switching 
between modes occur are ?xed. Thus, for example, transition 
between l>< operating mode and 1.5x operating mode occurs 
at 3.8V for Vbat in either direction, and transition between 
1.5x operating mode and 2x operating mode occurs at 2.8V 
for Vbat in either direction. In other embodiments, the points 
at which switching between modes occur are not ?xed. 
Rather, some hysteresis may be introduced when switching 
from a higher operating mode into a lower operating mode. 
Thus, for example, transition from l>< operating mode into 
1.5x operating mode occurs at 3.7V for Vbat, whereas tran 
sition from 1.5x operating mode into l>< operating mode 
occurs at 3.9V for Vbat. Likewise, for example, transition 
from 1.5x operating mode into 2>< operating mode occurs at 
2.7V for Vbat, whereas transition from 2>< operating mode 
into 1.5x operating mode occurs at 2.9V for Vbat. Switching 
between modes may depend on the signals detected by the 
LED driver loop 22 and the implementation of the decision 
making by adaptive mode change component 24. 

In some embodiments, as the battery is charged and system 
10 is switched from higher operating mode into lower oper 
ating mode (e.g., from 2>< operating mode to 1.5x operating 
mode, or from 1.5x operating mode to 1x operating mode), 
the transition occurs without signi?cant delay. In other 
embodiments, a delay or wait period may be introduced for 
the transition from higher operating mode into lower operat 
ing mode. 
When there is a change from a higher operating mode to a 

lower one, since the battery is being charged up (thus causing 
an increase in battery voltage Vbat), the value of output volt 
age Vout at the moment just before the transition can be 
signi?cantly higher than the value of output voltage Vout at 
the moment just after the transition. This higher voltage rep 
resents excess charge which, if not addressed, may cause a 
very large reverse current to ?ow to back into the battery. 
Although battery impedances are normally low and readily 
can absorb these transient reverse currents, reverse currents to 
the battery are not desirable and may cause high voltage 
transients which cause system errors or problems. 

In one embodiment, the currents in power stage component 
20 can be monitored and when current reversal occurs, vari 
ous switches or transistors therein may be turned off, thus 
preventing the remainder of charge from ?owing back to the 
battery (or power source). Circuitry (e.g., analog) may be 
provided for the monitoring of switch currents, although the 
extra circuitry may translate into higher quiescent (operating 
DC) currents and so lower e?iciency. 

In another embodiment, instead of monitoring switch cur 
rents for current reversal, the output voltage is monitored 
(directly or indirectly). Since it is known when the operating 
mode is to be changed and it is expected that the output 
voltage Vout will be higher than the battery voltage Vbat, a 
wait or delay period may be introduced when transitioning 
from a higher operating mode to a lower one. The appropriate 
switches in the power stage component 20 stay turned off 
state during wait state so that current does not ?ow back into 
the battery. The wait or delay is ended when the voltage Vout 
is just enough to support LED current, and normal operation 
may continue. At the end of wait period, there is no excess 
charge at the output and, consequently, there will be no cur 
rent reversal. 

In some embodiments, the voltage Vout may be monitored 
indirectly by monitoring the voltage Vled. More speci?cally, 
when voltage Vled is low enough such that the drain-source 
voltage Vds of the current sink switch is barely higher than 
saturation voltage Vdsat of that switch, the value of Vout 
should be suf?cient for supporting LED current. This 
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8 
embodiment canbe implemented with logic circuits, and does 
not require any precision analog circuits. This embodiment 
also allows precise prevention of input current reversal. 

FIGS. 3A through 3C are schematic diagrams of various 
implementations for a modulation error attenuation compo 
nent 32. Modulation error attenuation component 32, which 
can be part of an LED driver loop 22 for a respective LED 12, 
functions to attenuate or eliminate Vds modulation error for 
that LED 12. 
As shown in FIG. 3A, one implementation for modulation 

error attenuation component 22 comprises an operational 
ampli?er 50. A non-inverting (+) terminal of operational 
ampli?er 50 is connected to the drain of transistor 28, and an 
inverting (—) terminal of operational ampli?er 50 is connected 
to the drain of transistor 30 (i.e., the offset of the operational 
ampli?er 50 is imposed on the drain of transistor 30). The 
output of operational ampli?er 50 is applied to the gates of 
transistors 28 and 30. This forms a negative feedback loop 
comprising transistor 28 and the non-inverting (+) terminal of 
operational ampli?er 50, and a positive feedback loop com 
prising transistor 30 and the inverting (—) terminal of opera 
tional ampli?er 50. 

With this arrangement, operational ampli?er 50 forces 
transistor 30 to follow transistor 28. In particular, the drain 
source voltage Vds of transistor 30 follows the drain-source 
voltage Vds of transistor 28. Thus, the current in the right side 
of the LED driver loop 22 (i.e., LED current Iled) tracks the 
current in the left side of the LED driver loop 22 (i.e., Ibias), 
and accordingly, the LED current Iled is substantially main 
tained at the desired value (e.g., Iled:N><M><Vref1/Rset). In 
this way, current ?owing through the LED 12 is accurately 
sunk. This substantially reduces or eliminates Vds modula 
tion error. As such, system 10 is highly accurate. Further 
more, with operational ampli?er 50 driving the gate of tran 
sistor 30, the drain of transistor 30 (at which Vled appears) 
has relatively high output impedance. 
The drain of transistor 30 (i.e., the node for Vled) is driven 

by the cathode of LED 12 which is connected to low imped 
anceVout, and thus has relatively low impedance compared to 
the drain of transistor 28 which is driven by high impedance 
current source 26. Accordingly, the gain in the negative feed 
back loop is higher than the gain in the positive feedback loop. 
This provides additional stability in LED driver loop 22. 

Furthermore, although there is an offset error of opera 
tional ampli?er 50 which causes some mismatch in drain 
source voltage Vds of transistor 30 with drain-source voltage 
Vds of transistor 28, the resultant error in the LED current Iled 
is relatively small because the offset error is imposed on the 
drain-source voltage Vds. This is an advantage over previ 
ously developed designs in which the operational ampli?er’ s 
offset error is imposed on the gate voltage Vg, resulting in a 
relatively large LED current Iled error. 

Also, the transistors 28 and 30 used for current sink are 
implemented in NMOS. NMOS devices are typically stron 
ger than PMOS devices due to better carrier mobility. As 
such, the transistors 28 and 30 can be designed or made 
relatively small, thus minimiZing the die area needed for 
implementation. 

FIG. 3B is a schematic diagram of another implementation 
for a modulation error attenuation component 22. In this 
implementation, modulation error attenuation component 22 
comprises an operational ampli?ers 60, 62 and transistor 64. 
Transistor 64 is connected in series with transistor 28 of the 
LED driver loop 22. An inverting (—) terminal of operational 
ampli?er 62 is connected to the drain of transistor 28, and a 
non-inverting (+) terminal of operational ampli?er 62 is con 
nected to the drain of transistor 30. The output of operational 
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ampli?er 62 is applied to the gate of transistor 64. A non 
inverting (+) terminal of operational ampli?er 60 is connected 
to the drain of transistor 64, and an inverting (—) terminal of 
operational ampli?er 60 is connected to the output of the 
operational ampli?er 60. The output of operational ampli?er 
60 is applied to the gates of transistors 28 and 30. 

With this arrangement, the drain-source voltage Vds of 
transistor 30 folloWs the drain-source voltage Vds of transis 
tor 28. Operational ampli?er 60 adjusts the gate voltages of 
transistors 28 and 30 so that the value of the LED current Iled 

stays constant (e.g., Iled:N><M><Vref1/Rset) regardless of 
variations in Vled. Operational ampli?er 62 drives the gate of 
transistor 64. This biases the transistor 64 to operate in the 
desired gate to source voltage. 

FIG. 3C is a schematic diagram of yet another implemen 
tation for a modulation error attenuation component 22. In 
this implementation, as shoWn, modulation error attenuation 
component 22 comprises a voltage-to-current (V/I) converter 
component 70 and an operational ampli?er 72. V/I converter 
component 70 is connected to the drain of transistor 30 of the 
LED driver loop 22 to receive the Vled signal (Which is the 
drain-source voltage Vds of transistor 30). V/I converter com 
ponent 70 converts the drain-source voltage Vds of transistor 
30 to a correction current Icorrect. The correction current 
Icorrect is an estimate of LED current Iled error. The correc 

tion current Icorrect may be subtracted from the bias current 
Tbias. A non-inverting (+) terminal of operational ampli?er 
72 is connected to the drain of transistor 28, and an inverting 
(—) terminal of operational ampli?er 72 is connected to the 
output of the operational ampli?er 72. The output of opera 
tional ampli?er 72 is applied to the gates of transistors 28 and 
30. 

Since the implementations for modulation error attenua 
tion component 32 shoWn in FIGS. 3A through 3C may 
eliminate or substantially reduce Vds modulation error on the 
LED current Iled, LED driver loop 22 has smaller or no 
variations in LED current Iled even When there are variations 

in battery poWer (e. g., Vbat), manufacturing process, and 
temperature. This can be understood When considering the 
folloWing equation for the LED current Iled, Which is also the 
current I through the transistor 30: 

Where Vt is the threshold voltage for the transistor and 7» is 
very small. In some previously developed designs, the gate of 
the transistor is driven by an operational ampli?er outputting 
a signal corresponding to Vgs in the above equation. Thus, 
small changes in the driving signal could translate into rela 
tively large changes in the current I. HoWever, With embodi 
ments of the present invention, the gate of the transistor 30 is 
driven by an operational ampli?er outputting a signal corre 
sponding to Vds in the above equation. Thus, changes in the 
driving signal do not cause signi?cant changes in the current 
I. 

The LED driver loop 22 With the modulation error attenu 
ation component 32 provides numerous advantages over prior 
art implementations. For example, as described above, the 
LED driver loop 22 places the offset of an operational ampli 
?er as Vds error, resulting in improved matching for LED to 
LED and Rset current to LED current. Unlike previously 
developed designs, the operational ampli?er of LED driver 
loop 22 does not need to be trimmed. LED driver loop 22 also 
eliminates the need for a source degeneration resistor (SDR) 
as required by previously developed designs. This eliminates 
the need to trim or actively control the SDR, thus making it a 
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10 
more elegant approach. Furthermore, the system is more e?i 
cient than the previously developed designs since there is no 
poWer loss across an SDR. 

In the LED driver loop 22 With the modulation error attenu 
ation component 32, transistors 28 and 30 can be imple 
mented using n-channel transistors to sink current. By using 
n-channel transistors for current sink, integrated circuit (IC) 
die area is minimiZed. That is, an implementation With 
p-channel transistors for current sink Would have a higher 
drain-source voltage Vds for the same area since p-channel 
carrier mobility is loWer. In addition, because n-channel tran 
sistors may be used for current sink, a transistor for l>< oper 
ating mode in poWer stage component 20 (see FIG. 4) can be 
implemented With a p-channel sWitch. This still provides a 
savings in die area compared to an implementation using 
p-channel transistors to sink current and an n-channel tran 
sistor for l>< operating mode. 

FIGS. 4A through 4C are schematic diagrams of various 
implementations for a poWer stage component 20. PoWer 
stage component 20 functions to provide output voltage Vout 
for poWering LEDs 12 using the battery voltage Vbat. 

Referring to FIG. 4A, in one implementation, poWer stage 
component 20 may comprise a charge pump 46 and a tran 
sistor 48. Transistor 48 functions to provide the poWer from 
poWer stage component 20 in 1x operating mode. As shoWn, 
transistor 48 can be implemented using a p-channel transistor. 
Transistor 48 receives a control signal mode l><. When control 
signal mode l>< has a particular value (e.g., loW), transistor 48 
provides the battery voltage Vbat to the Vout node at Which 
LEDs 12 are connected. 

Charge pump 46 functions to provide the poWer from 
poWer stage component 20 in 1.5x and 2>< operating modes. 
Charge pump 46 can be implemented in any suitable con?gu 
ration, as understood by one of ordinary skill in the art. 
Charge pump 46 generates a higher voltage level using the 
battery voltage Vbat. Charge pump 46 receives control sig 
nals mode 1.5x and mode 2><. When control signal mode 1.5x 
has a particular value, charge pump 46 generates a voltage 
that is 1.5 times the value of battery voltage Vbat and outputs 
this at Vout. When control signal mode 2>< has a particular 
value, charge pump 46 generates a voltage that is 2 times the 
value of battery voltage Vbat and outputs this at Vout. 

FIG. 4B is a schematic diagram of another implementation 
for a poWer stage component 20. In this implementation, 
poWer stage component 20 comprises transistors 210, 212, 
214, 216, 218, 220, 222, 224, 226, and 228 and capacitors 
230, 232, and 234. As shoWn, transistors 210, 212, 214, 216, 
218, 226, and 228 can be implemented as p-channel MOS 
FETs, and transistors 220, 222, and 224 can be implemented 
as n-channel MOSFETs. Each of the transistors receives vari 
ous control signals at its gate depending on the operating 
mode for poWer stage component 20. The capacitors 230 and 
232 function to store progressively larger voltages. PoWer 
stage component 20 can implement a charge pump. 
PoWer stage component 20 may operate in 1x, 1.5x, or 2>< 

operating modes by applying or in response to the mode select 
control signals mode l><, mode 1.5x, and mode 2><. Whenever 
a different mode select control signal is applied, the operating 
mode of poWer stage component 20 is changed almost imme 
diately (i.e., Without signi?cant delay). That is, if the mode l>< 
control signal is applied, then poWer stage component 20 is 
almost immediately placed into l>< operating mode. Like 
Wise, if the mode 1.5x control signal is applied, then poWer 
stage component 20 is almost immediately placed into 1.5x 
operating mode. And if the mode 2>< control signal is applied, 
poWer stage component 20 is almost immediately placed into 
2>< operating mode. A state diagram representing the opera 
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tion of this implementation of power stage component 20 is 
illustrated and described beloW With reference to FIG. 6A. 

With regard to the speci?c operation of poWer stage com 
ponent 20 in each operating mode, When mode l>< is selected 
(e.g., the mode l>< control signal is applied), only transistor 
210 is turned on. All other transistors in poWer stage compo 
nent 20 are turned off. A control signal mode l><B (Which is 
the inverse of the control signal mode l><) becomes loW to 
turn-on the transistor 210. In the 1x operating mode, the 
tWo-phase control clock signals (CLKl and CLK2, Which are 
non-overlapping) are not clocking. The CLKl signal is held 
LoW (and its inverse, the CLKlB signal, is held High). The 
CLK2 is also held LoW (and its inverse, the CLK2B, is held 
High). This cause all of the transistors in poWer stage com 
ponent 20, except transistor 210, to be turned off. The Vbat 
voltage is connected to Vout through transistor 210. Thus, 
Vout has the value of the Vbat voltage. 
When mode l.5>< is selected (e.g., the mode l.5>< control 

signal is applied), transistors 210, 214, and 224 are turned-off. 
That is, the gate signals of transistors 210 and 214 are held 
High, and the gate signal of transistor 224 is held LoW. Non 
overlapping CLKl and CLK2 signals are used to generate a 
boosted voltage Which has a value 1.5 times that of the Vbat 
voltage. In a ?rst phase, the CLKl signal is High (and thus 
CLKlB signal is LoW), the CLK2 signal is LoW (and thus 
CLKZB signal is High). This causes transistors 218, 222, and 
220 to be turned on and all of the other transistors to be 
turned-off, so that a voltage having half of the value of Vbat is 
stored in the series-connected capacitors 230 and 232. In a 
second phase, the CLK2 signal is High (and thus the CLKZB 
signal is LoW), and the CLKl signal is LoW (and thus the 
CLKIB signal is High). This causes transistors 212, 216, 226, 
and 228 to be tumed-on and all of the other transistors to be 
turned-off, so that the 15x boosted voltage is transferred to 
the Vout and output capacitor 234. 
When mode 2>< is selected (e.g., the mode 2>< control signal 

is applied), transistors 210 and 222 are tumed-off. That is, the 
gate signal of transistor 210 is held High, and the gate signal 
of transistor 222 is held LoW. Again, the tWo non-overlapping 
CLKl and CLK2 signals are used to generate a boosted 
voltage, Which noW has a value of 2 times that of the Vbat 
voltage. In a ?rst phase, the CLKl signal is High (and thus the 
CLKlB signal is LoW), and the CLK2 signal is LoW (and thus 
the CLKZB signal is High). This causes transistors 218, 224, 
214, and 220 to be turned-on, and all of the other transistors to 
be tumed-off, so that a voltage having the same value as Vbat 
is stored in both of capacitors 230 and 232. In a second phase, 
the CLK2 signal is High (and thus the CLKZB signal is LoW), 
and the CLKl signal is LoW (and thus the CLKlB signal is 
High). This causes transistors of212, 216, 226, and 228 to be 
turned-on, and all of the other transistors to be turned-off, so 
that the 2x boosted voltage is transferred to Vout and the 
output capacitor 234. 
A timing diagram for this embodiment of a poWer stage 

component 20 is shoWn in FIG. 7A. Referring to FIG. 7A, 
there is no Wait state or disabled mode state in the transitions 
(in either direction) betWeen l>< operating mode and 15x 
operating mode, or betWeen l.5>< operating mode and 2x 
operating mode. When the mode selecting control signal is 
generated (e.g., UP or DOWN signal), the mode is changed 
immediately as shoWn in the state diagram of FIG. 6A. 

FIG. 4C is a schematic diagram of yet another implemen 
tation for a poWer stage component 20. This implementation 
of poWer stage component 20 has many of the same compo 
nents as the implementation shoWn in FIG. 4Bii.e., transis 
tors 210,212,214, 216, 218, 220, 222,224,226, and 228 and 
capacitors 230, 232, and 234. In addition, this implementa 
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tion includes mode change enable/disable logic 340 and a 
comparator 342. Comparator 342 receives and compares the 
output voltage Vout and the battery voltage Vbat, and outputs 
an enable/disable (En/Dis) signal depending on the result of 
the comparison. The En/Dis signal enables or disables the 
mode change enable/disable logic 340, thus causing the 
poWer stage component 20 to go into or come out of a disabled 
mode or Wait state. 

This implementation is able to prevent reverse current from 
?oWing back into the battery (Vbat input poWer) from the 
output node (Vout) during transition from a higher operating 
mode into loWer operating mode (e. g., from 2>< operating 
mode to 1 5x operating mode, or from 1 5x operating mode to 
1x operating mode). This is accomplished, for example, by 
introducing a Wait or delay When poWer stage component 20 
is transitioned from a higher operating mode to a loWer oper 
ating mode. A state diagram representing the operation of this 
implementation of poWer stage component 20 is illustrated 
and described beloW With reference to FIG. 6B. 

In this implementation, the operational mode of poWer 
stage component 20 is set or determined by mode selecting 
signals (i.e., mode l><_sel, mode l.5><_sel, and mode 2><_sel 
control signals) and a comparison of the voltage Vout and the 
voltage Vbat. In particular, the mode change enable/disable 
logic 340 outputs mode l><, mode l.5><, and mode 2>< control 
signals for controlling the operating mode of poWer stage 
component 20 in response to the mode l><_sel, mode l.5>< 
_sel, and mode 2><_sel control signals and the En/Dis signal 
from comparator 342. 

With the mode change enable/disable logic 340, poWer 
stage component 20 can be placed in a Wait or disabled state 
in Which no operating mode (e.g., l><, l.5><, or 2>< operating 
modes) is enabled, no matter Which mode select input (e.g., 
mode l><_sel, mode l.5><_sel, and mode 2><_sel control sig 
nals) is applied. 

For example, When the mode l.5><_sel control signal is 
applied While the poWer stage component 20 is in the 2x 
operating mode, and at that time Vout is higher thanVbat, then 
the mode change enable/disable logic 340 receives a disable 
signal from the comparator 342 (e.g., the En/Dis signal is 
High). In response to the disable signal, the mode change 
enable/disable logic 340 places the poWer stage component 
20 in a disabled mode or Wait state until the value of the 
En/Dis signal changes (e.g., the En/Dis signal goes LoW). 

During disabled mode or Wait state, the charge pump 
operation of poWer stage component 20 is not activated, and 
accordingly the value of voltage Vout decreases as it is con 
sumed by the load. 
Once the voltage Vout becomes loWer than the voltage 

Vbat, then the comparator 342 provides an enable signal (e. g., 
the En/Dis signal is LoW) to the mode change enable/disable 
logic 340. In response to the enable signal, the mode change 
enable/disable logic 340 outputs the mode l.5>< control signal 
Which causes the poWer stage component 20 to go into l.5>< 
operating mode. 

Similarly, When the mode l><_sel control signal is applied 
While the poWer stage component 20 is in the 15x operating 
mode, and at that time Vout is higher thanVbat, then the mode 
change enable/disable logic 340 receives a disable signal 
from the comparator 342 (e.g., the En/Dis signal is High). The 
mode change enable/disable logic 342 places the poWer stage 
component 20 in a disabled mode or Wait state, and the value 
of voltage Vout decreases as it is consumed by the load. When 
the voltage Vout becomes loWer than the voltage Vbat, thus 
causing comparator 342 to provide an enable signal (e.g., the 
En/Dis signal is LoW) to the mode change enable/disable 
logic 340, the mode change enable/ disable logic 340 outputs 










